ABSTRACT The fluorescence transient of Clhlorella pyrenoidosca, excited by saturating light absorbed mainly by system II, has a dip D between the peak I at 75 msec and the large peak P at 400 msec (the times depend on light intensity). This dip is observed in aerobic cells and in anaerobic cells where it is prominent. In anaerobic cells, the I-D decline is hastened almost equally by absorption of either 705 or 650 nm background light. In aerobic cells, supplementary 700 and 710 nm light given during the transient slightly hastens and heightens P. Methyl viologen, an exogenous system I electron acceptor, eliminates P. Results suggest that system I action causes D, and that P is due to reduction of Q (fluorescence quencher) and intersystem intermediates caused by development of a block in oxidation of XH (X being the primary electron acceptor of light reaction I). Mathematical analysis suggests that if only two forms of Q participate beyond I, then system I action is required for D.
INTRODUCTION
The green alga Chlorella pyrenoidosa when illuminated emits fluorescence from chlorophyll a (1) . If illumination follows a several minute dark period and is sudden and intense, the fluorescence intensity shows a complex transient in the first second (2) . (For changes beyond 2 sec, see references 3 and 4 .) The problem is to relate the transient to the mechanism of photosynthesis. Currently, photosynthesis is believed to involve two photochemical reactions in series, each reaction using light energy captured by pigment systems (5, 6) .
The following simple model of the electron-transport chain in photosynthesis is given to serve as a frame of reference for later discussion. where Z and Q are primary electron donor and acceptor of light-reaction II, PSII and PSI are pigment systems 11 and I, hv1, and hp, are quanta absorbed in PSII and PSI, P and X are primary electron donor and acceptor of light reaction I. Most fluorescence is emitted by the chlorophyll a in system II, the system which sensitizes the oxygen-evolving reaction (7) (8) (9) (10) (11) (12) (13) (14) . The factor controlling fluorescence intensity is the redox state of Q, the electron acceptor in the system It reaction center (9) . Fig. 1 shows typical fluorescence transients in Chlorella. 0, I, P, and S are features labeled by Lavorel (15) and Joliot and Lavorel (16) ; we also see a dip D between I and P. A dip was first seen by Kautsky and Franck (17) in 1943 in anaerobic cells.
one reaction reduces a fluorescence quencher to a nonquenching form, thus causing the fluorescence rise from 0 to I, and that the second reaction oxidizes an intermediate which in turn reoxidizes the quencher, thus causing the decline from I to D. The rise from D to P was thought to result from the exhaustion of a substrate for the second photoreaction. In terms of the series hypothesis, this explanation suggests that the rise from D to P is caused by a block in oxidation of XH, the reduced system I electron acceptor. Investigators since 1960 have not mentioned X in connection with the D-P rise, believing apparently that the D-P rise involves only the reduction of Q and an intersystem intermediate denoted A (13, 14, 16, 18, 20) . The regular occurrence of D in aerobic samples raises again the question whether the D-P rise involves X in addition to Q and A. We conclude from our study that D reflects a dynamic balance of the reduction of Q by system II and the oxidation of QH by system I, and that the D-P rise parallels reduction of X, and hence of A and Q.
METHODS
Chlorella pyrenoidosa (Emerson strain 3) was grown in inorganic medium (21) erentially excites Chlorophyll b, and thus mainly but not exclusively system II. The intensity was 1.5 X 104 ergs/sec-cm2; absorbed intensity was roughly 4 X 1014 quanta/sec-cm2. This intensity was twice that causing a change in slope in measured fluorescence vs. light intensity curves (11, (26) (27) (28) (29) (30) Gas composition of the sample was varied by capping the Dewar flask and passing gas mixtures through a hole in the cap. The surface to volume ratio in the flask was 7 cm-l; this high ratio permitted rapid equilibration of gases between the liquid and the air above. The transient was repeatable for several hours in stagnant air, in flowing air, and in flowing CO2 in air, allowing the conclusion that CO2 and 02 are not limiting for several hours. Under argon, fluorescence yield was higher than normal, and the transient was modified (17) . Temperature of the sample was 25°C.
The standard procedure was a sequence of 2-sec light exposures separated by 4 min dark intervals. These intervals allowed P to rise to more than 95 % of its fully dark-adapted height. After the initial 8 cycles, the transient was repeatable, and various tests were then begun.
RESULTS AND DISCUSSION
I. The Anaerobic Transient
The use of anaerobic cells necessitated a check of the features of the anaerobic transient. Fig. 3 shows the change in shape of the transient as 2 % CO2 in air is replaced by 2.6 % CO2 in argon. From picture 1 to picture 6 took 20 min in this example; the time required to establish the shape in picture 6 depended on the rate of oxygen removal. Kautsky and U. Franck (17) in 1943 showed that the shape in picture 6 is obtained only when oxygen concentration is below 0.1 %. The large photograph of Fig. 3 is from a different anaerobic experiment, chosen to show the O level in the anaerobic state. TIME, SEC FIGURE 3 Change of the fluorescence transient in Chlorella during oxygen removal. The small photographs were taken at 4 min intervals as 2.0%O CO2 in air was replaced by 2.617" CO2 in argon. Replacement began a few seconds after picture 1. The effect was complete by picture 6, as subsequent transients were identical to that of picture 6 . The large photograph, from a different anaerobic experiment, shows the distinction between 0 and I. oxygen removal was reversible and repeatable. Data were obtained at 4 min intervals; P and S jumped upward at the first data points after argon flow began and thus were affected within 4 min. When oxygen was restored, the transient returned to normal within 4 min. The rapid development and reversal of the anaerobic effects signify that the effects are not due to long-term metabolic changes,and that if any disarrangement of the photosynthetic apparatus is involved it is mild and easily repaired. We are confident that short-term anaerobic cells are physiologically healthy.
II. The Light-Requirinlg Dip Kautsky et al. (19) found that the I-D decline in anaerobic cells requires light, i.e., the decline progresses only during illumination. We tested which pigment system is responsible for the I-D decline by studying the hastening of D by different background lights. Anaerobic cells were used for the test because D is more pronounced in anaerobic than in aerobic cells. 705 nm was chosen to excite system I and 650 nm for system II (some 650 nm light reaches system 1); the half-maximum bandwidth was 10 nm; the 705 nm intensity was 1500 ergs/ sec-cm2 incident; the 650 nm intensity was adjusted to give absorbed intensity equal to that of 705 nm. Effects were tested in several experiments, each involving at least five trials at each wavelength, alternated to eliminate influence of long-term fluorescence changes. Shutters for the background and exciting lights were opened simultaneously.
Because of low absorbed intensities and the short time until D, few background light quanta could be absorbed before D. Consequently, we used a flashing rather than continuous exciting light to delay D (see Kautsky et al. (19) ) and to allow longer than normal duration of the (continuous) background light. Fig. 5 shows the flash-excited transient. (The transient in the presence of background light is similar, having a slightly raised baseline due to leak of the background light.) Fluorescence is higher at the end of each flash than at the beginning of the next. QH is apparently being oxidized between flashes.9 This oxidation is independent of the light-requiring character of I-D discovered by Kautsky et al (19) . Confirming their discovery, we find the time of D nearly doubles when flashes and dark periods are equally long.
705 nm was slightly more effective than 650 nm in hastening D. Data from one experiment are shown in Table I . The effects, expressed as fractional changes in the time of D, were averaged and divided by absorbed intensity to give relative quantum yield.
The relative quantum yields for the background light effects were, for 650 nii, 7.0, and for 705 nm, 8.2 . These values rule out the possibility of a long-wavelength "red drop" in quantum yield, as found in Chlorella for quantum yields of oxygen evolution (36) and fluorescence excitation (37 23 , and the reduction rate should be high. Still, the dip occurs.
A. Joliot and P. Joliot (38) and Delosme (18) suggested that the S-shaped 0-I rise of the transient, excited by very intense light, signifies energy migration from system II units where Q is reduced to neighboring system II units. Perhaps migration also occurs from system II to system I ("spill-over") when Q is reduced. At I (anaerobic) when 23 QO is reduced, the transfer of 650 nm light might be large enough to account for the similar quantum yields of Table I . However, P. Joliot et al. (33) have concluded that spill-over does not occur in aerobic algae and isolated chloroplasts.
III. The Peak
A. Effect on P of System I Illumination During the Transient. One test whether P involves XH is the effect of a short system I exposure supplementing the exciting light during the phase D-P. If P does not involve XH, and involves only a temporary maximum in AH and QH, then the system I exposure should increase oxidation of AH and decrease and/or delay P. 700 nm light was chosen to excite system I. According to P. Joliot et al. (33) , system I is preferentially excited by all wavelengths beyond 678 nm, and at 700 nm, system I is excited six-fold more than system II.
A 150 msec flash of 700 nm light was timed to start after D, and terminate 100 msec before P usually occurs. The 100 msec delay was included to allow intersystem balancing of the flash effect. If our view of D is correct, then balancing is indicated by the interval between 0 and I-D, which under our conditions is less than 100 msec.
The 700 nm intensity was 1500 ergs/ sec-cm2 incident, and the half-maximum bandwidth 10 nm.
In many trials in several experiments, the flash slightly hastened and raised P. Fig. 6 from one trial shows superimposed drawings of a transient excited normally, and the succeeding transient modified by the flash. P was hastened by 7 %.
We must consider the possibility that 700 nm light excited system II enough to hasten and raise P. We rule out this possibility by the following reasoning: Quanta which excite system I begin to affect fluorescence earlier than 100 msec, because the I-D decline, sensitized by system I absorption, begins within 50 to 75 msec. Also, the system II effect, being direct, must precede the indirect system I effect. Finally, the system II effect is smaller than the system I effect because the majority of the 700 nm quanta excite system I (32, 33). We may conclude that if there is a system II effect 100 msec after the flash, it is opposed by a larger system I effect.
Despite the above arguments, we decided to test further, using 710 nm flashes, which excite system I ten-fold more than system II (33) . Neither the flashes at 0 nor between I and P produced any effect, presumably because the cells absorb about 3.5 times fewer quanta at 710 than at 700 nm. However, administering the 710 nm illumination throughout 0 to S of the transient, simultaneously with the exciting light (with the half-maximum bandwidth 13 nm for sufficient intensity) hastened P, and raised P by 3 % (standard deviation 1.9 %, 20 trials). To make certain the 710 nm was exciting mainly system I-again despite the above arguments-we tested its effect on steady-state fluorescence. (8, 9, 39) , and proves that the 710 nm illumination which raised P is exciting primarily system I. The increase in P caused by system I illumination during the transient supports our view that P involves a block in oxidation of XH, as well as AH and QH.
B. Effect of Methyl Viologen. According to our view, P should be absent if most X can be kept oxidized. Kautsky et al. (19) tested on anaerobic cells the effect of K3Fe(C204)3, but this substance can oxidize both XH and QH. For conclusive results, the acceptor should oxidize only XH. To oxidize XH, several investigators have used the dye methyl viologen (paraquat dichloride, i.e., 1, l'-dimethyl-4, 4'-dipyridilium dichloride). 4 The potentials of methyl viologen (40, 41) , the potentials of the photosynthetic reductants, and the effects of methyl viologen on chloroplasts (33, 42, 45) prove that it interacts only with system I. It apparently has not been shown to penetrate intact cells, but because of its small size it is expected to penetrate. Methyl viologen at 10-4 M after addition caused the progressive disappearance of P in 15 min (thus proving penetration). The 15 min development was probably caused by diffusion and penetration as the cells were stationary on the bottom of the Dewar flask before addition and the dye was added without swirling at the side of the flask away from the small illuminated area in the center of the flask. There was no noticeable effect on the phase 0-I. Fig. 7 shows transients before and after treatment. The same results have been observed eight times in four different cultures.
Anaerobic cells treated with the dye displayed a normal anaerobic transient. Admission of air led to display (within 4 min, the interval between light exposures) of an aerobic transient without P, but gradual return to anaerobiosis led again (over several intervals) to a normal anaerobic transient. Fig. 7 shows the results. These results are explained by the fact that methyl viologen after photoreduction is oxidized by oxygen. When oxygen is lacking, photoreduction is unopposed and all of the dye accumulates in the reduced form, whence it can no longer oxidize XH.
The results confirm the view that a block in oxidation of XH allows an accumulation of reduced intersystem intermediates and thereby causes the peak P.
MATHEMATICAL ANALYSIS I. Basic Assumptions and Equations
A short analytical review is necessary, to establish basic assumptions and equations.
We assume that (1) the excess of fluorescence above 0 is emitted by system II, and that (2) the primary reaction of system II is the photoreduction of Q. Assumption (2) is common (13, 14, 18) but no electron donor is specified. We accept (2) presuming in effect that the donor concentration is constant. 22°C) (41) . Kok et al. (42) determined that the potential of XH, the reductant produced by system [, has a midpoint below -0.6 v, and that the potential of QH, produced by system II, has a midpoint at +0.18 v. In chloroplasts, methyl viologen undergoes a one-electron photoreduction (33, 42) . It facilitates cyclic photophosphorylation, a function of system 1 (43, 44) . A concentration of 104 M has a saturating effect on the absorption change of P700 , the trap for system I (45).
Let F be the rate of fluorescence, H the rate of heat loss, and P the rate of photochemistry. Duysens (46) assumed P is equal to I, absorbed light intensity, times K, the probability that quanta are trapped for photochemistry, and that H is proportional to F (assumed also by Murata et al. (47) and Delosme (18) (1) where cl accounts for H proportional to F. F is fluorescence from units of system II only and includes bulk but not trap fluorescence. However, the assumption about H may be questioned. The series scheme requires 8 quanta per evolved oxygen molecule (48) , and Emerson and Chalmers (49) found 8 under optimal conditions. Therefore, the quantum efficiency of each photoreaction under optimal conditions must be above 90 %. Fluorescence wastes 3 % (50, 51); however, in system II, the fluorescence yield is higher (52) and may reach 6 %. In that case, heat loss in system II is 4 %. After treatment with DCMU, QH cannot be oxidized, and oxygen production drops nearly to zero (53) . Quantum efficiency of the system II photoreaction must then be lower than 10 %. Fluorescence nearly triples (54) . Heat loss then must be 72 %. Thus, heat loss apparently rises six times as much as fluorescence, whereas the assumption is that the rises are equal.
A way out of this difficulty is to presume that quanta may still be trapped when Q is reduced. Kfor reduced Q is probably smaller than for oxidized Q, but is not necessarily zero. This matter is unsettled, but we proceed as if equation 1 is acceptable. For the probability K, both Delosme (18) and Duysens (46) have obtained
where a is the probability of intermolecular transfer of excitation quanta and QO is BIOPHYSICAL JOURNAL VOLUME 9 1969 the ratio of total Q to chlorophyll. Equations 1 and 2 give Morin (20) and Delosme (18) recorded the 0-I rise in Chlorella in very intense light, when rapid reduction of Q precludes dark oxidation via A. Then the 0-I rise is S-shaped, conflicting with equation 7. A. Joliot and P. Joliot (38) and Delosme (18) suggested that units are not separate, and quanta reaching a trap where Q is reduced may transfer to another trap. On this basis, Delosme (18) (9) where p is the probability of transfer between traps. Equations 8 and 9 give an Sshaped rise of fluorescence with time which matches the 0-I rise observed in intense light. The match is strong circumstantial evidence that quanta may travel among traps.
The above equations imply that fluorescence monotonically follows [QH] . In equation 5 this property is explicit; in equation 8 it can be seen by dividing both numerator and denominator of the right-hand term by [QQH] . A. A Nonlinear System of QH and A. We assume here that Q is in only two forms (oxidized and reduced) after I, and obtain a nonlinear system of relations between QH and A. We would prefer to use a differential form of equation 9 Only if more than two forms of Q participate beyond I can this conclusion be avoided.
An increase may occur in the series scheme by two mechanisms: (1) oxidation of AH by dark reactions with substances at a more positive redox potential, and (2) oxidation of AH by the action of system I. We believe that (1) is slow (or opposed by a reducing pool) and does not completely oxidize AH even after 30 min of dark, because weak system I preillumination lowers the dark-adapted I level (55) (56) (57) 
The steps r represent photoreduction of Q, and the step k represents dark oxidation of QHby A. Does this system allow a dip? Analysis shows that it does not. A sketch of the proof follows.
Malkin (14) AH] . The sum of all n is a constant nO . If at t = 0, only n1 is present and k $ r, the solutions are (after Malkin [14] ): The case k = r, a singularity where equations 17 are not valid, will receive special attention later.
Malkin used equation 5 which may be incorrect because it assumes that system II units are separate, an assumption made unlikely by the observations of Morin (20) and Delosme (18) 
The factor e-rt insures a zero slope when t -+ a, as required. Let R stand for the terms inside the brackets. R must be negative at a finite t, to give negative dF/dt, because terms other than R are positive for finite t. Munday (55) has proven that R > O for both K < r and K > r and dF/dt is never negative, and F does not show a dip. The method involves examining derivatives of R with respect to t. For the case k = r, we obtain new solutions for system 16:
ni= noe-rt n2= rnote-tt ns= (2)r2not2e-rt n4 = no -(n + n2 + nQ.
As before, we find:
dF/dt = bnore-rt[l + (Y)r2t2-rt] = bn0re-tR'.
The factor e-rt insures a zero slope as t -+ o, as required. For finite t, dF/dt can be zero only if R' becomes zero. By analysis of R' the same as that indicated for R above, the minimum value of R' is +2, at t = l/r. Thus R' is never zero. The same conFclusion is reached by directly solving R' for t, assuming that R' = 0:
BIOPHYsICAL JouRNAL VOLUME 9 1969 I + (12)r2t2-rt = 0.
By the quadratic formula, t = (1/r) ± (i/r). (24) 
